To determine the role of the common hepatic branch of the abdominal vagus on the beneficial effects of Roux-en-Y gastric bypass (RYGB) on weight loss, food intake, food choice, and energy expenditure in a rat model. Background: Although changes in gut hormone patterns are the leading candidates in RYGB's effects on appetite, weight loss, and reversal of diabetes, a potential role for afferent signaling through the vagal hepatic branch potentially sensing glucose levels in the hepatic portal vein has recently been suggested in a mouse model of RYGB. Methods: Male Sprague-Dawley rats underwent either RYGB alone (RYGB; n = 7), RYGB + common hepatic branch vagotomy (RYGB + HV; n = 6), or sham procedure (sham; n = 9). Body weight, body composition, meal patterns, food choice, energy expenditure, and fecal energy loss were monitored up to 3 months after intervention. Results: Both RYGB and RYGB + HV significantly reduced body weight, adiposity, meal size, and fat preference, and increased satiety, energy expenditure, and respiratory exchange rate compared with sham procedure, and there were no significant differences in these effects between RYGB and RYGB + HV rats. Conclusions: Integrity of vagal nerve supply to the liver, hepatic portal vein, and the proximal duodenum provided by the common hepatic branch is not necessary for RYGB to reduce food intake and body weight or increase energy expenditure. Specifically, it is unlikely that a hepatic portal vein glucose sensor signaling RYGB-induced increased intestinal gluconeogenesis to the brain depends on vagal afferent fibers. (Ann Surg 2012;255:294-301) From the Role of Vagus in Gastric Bypass Surgery FIGURE 2. Body weight change (A) and body composition 3 months after surgery (B,C) of rats with Roux-en-Y gastric bypass surgery (RYGB, n = 7, open squares)
R oux-en-Y gastric bypass (RYGB) surgery is the most effective treatment for morbid obesity and, in addition, seems to improve obesity-associated type 2 diabetes before significant weight loss has occurred. Although a number of mechanisms for these remarkable RYGB-induced beneficial effects have been proposed, none have been convincingly confirmed. The leading hypotheses implicate RYGB-induced exaggerated release of the lower gut hormones glucagon-like peptide-1 and peptide YY and reduced ghrelin secretion from the stomach, acting on both peripheral and central nervous targets to ameliorate glucose homeostasis and suppress food intake. [1] [2] [3] However, given the wealth of other hormones (cholecystokinin, enterostatin, and obestatin), metabolic substrates (glucose, lipids), and other factors (N-acylphospahtidylethanolamine, oleylethanolamide, apolipoprotein-AiV) secreted by the gastrointestinal tract and with known or potential effects on food intake and energy balance regulation, [4] [5] [6] [7] [8] it is highly likely that the beneficial effects of RYGB are not due to one single hormone but depend on a more complex change in gut-to-brain communication. Furthermore, most of these hormones and factors can communicate to the brain not only through the circulation [9] [10] [11] [12] but also through vagal and spinal afferent nerve fibers [13] [14] [15] [16] [17] innervating the gastrointestinal tract and associated organs. Vagal afferent fibers are also important for communicating gastrointestinal distension to the brain, controlling meal size, and gastrointestinal transit time. [18] [19] [20] [21] Therefore, vagal integrity may play a crucial role in RYGB-induced reduction of meal size and food intake, improved glucose homeostasis, and sustained body weight loss.
Given the surgical separation of the small gastric pouch from the rest of the stomach, it is clear that RYGB denervates most of the bypassed stomach, as the major vagal and sympathetic innervation is supplied through the gastroesophageal junction and left gastric artery. 22 However, innervation of the gastric pouch and most of the intestines, pancreas, hepatic portal vein, and liver remains intact after RYGB 22, 23 and may mediate critical signals to the brain. The vagal (parasympathetic) portion of this remaining innervation is provided by the ventral and dorsal gastric branches innervating the gastric pouch, the ventral (accessory) and dorsal celiac branches innervating the small and large intestines, and the common hepatic branch innervating parts of the proximal duodenum, antral stomach, pyloric sphincter, pancreas, hepatic portal vein, and liver. 22 The common hepatic branch of the ventral vagus has been implicated in a number of important physiological functions. Sensory fibers traveling in this branch have been shown to be crucial for mediating effects of intestinal [24] [25] [26] [27] [28] [29] and hepatic 30-32 signals on food intake and glucose homeostasis, whereas efferent (preganglionic motor) fibers traveling through this branch have been shown to mediate effects of various hypothalamic and caudal brain stem manipulations (chemical and electrical stimulation) on hepatic glucose production and pancreatic insulin secretion. [33] [34] [35] [36] More specifically, sensory vagal fibers in the common hepatic branch innervate the portal hepatic vein 37 where they may sense the level of glucose, 38 and selective sensory denervation of the hepatic portal vein by means of local application of capsaicin rapidly rescued the hypophagic phenotype of mice with a duodenal bypass operation. 39 However, because capsaicin destroys all primary afferent nerve fibers, it is not clear whether vagal or dorsal root afferents innervating the hepatic portal vein are critical for the rescue.
The aim of this study was to test a role for the common hepatic branch, known to provide the vagal component of the sensory innervation of the hepatic portal vein, in RYGB-induced hypophagia and body weight loss. We hypothesized that if the vagal sensory innervation of the hepatic portal vein carries signals critical for RYGBinduced early satiety and hypophagia, removal of the vagal common hepatic branch should attenuate or block these effects.
Male Sprague-Dawley rats, 3 months old and weighing approximately 200 g (Harlan Industries, Indianapolis, IN), were housed individually in wire-mesh cages at a constant temperature of 21-23 • C with a 12-hour light/dark cycle (lights on 7 AM, off at 7 PM). Food and water were provided ad libitum except before treatments or tests. For , with each of the diet containing sufficient minerals and vitamins. They were then randomly assigned to sham surgery, RYGB, or RYGB plus common hepatic branch vagotomy (HV), after which different diets were used as indicated below.
Roux-En-Y Gastric Bypass Surgery and Selective Common Hepatic Branch Vagotomy
Details of the RYGB surgical procedure have been reported previously. 40, 41 In brief, the procedure resulted in a gastric pouch of about 20% of the total gastric volume, connected to a 15-cm-long Roux limb, a 25-cm-long common limb, and a roughly 40-cm-long biliopancreatic limb.
All the nerves crossing the gastric cutline were transected by the cutting stapler, leading to partial denervation of the pyloric sphincter, proximal duodenum, and pancreas through branches of the gastric vagi. 22, 35 However, the vagal and sympathetic supply to the gastric pouch (gastric branches), and most of the intestines, pancreas, and liver (vagal celiac and hepatic branches), remained intact.
Hepatic branch vagotomy in addition to RYGB was performed after completion of the jejunojejunostomy and before stomach separation by cutting the common hepatic branch traveling along the hepatoesophageal artery with a high-temperature cautery device (Aaron Medical, St. Petersberg, FL). The entire neurovascular bundle was gently lifted from the underlying tissue with a micro hook after making it clearly visible by applying slight pull to the stomach and mobilizing the liver lobes laterally with moist gauze pads ( Fig. 1 ). The lifted bundle was then cauterized immediately lateral to the micro hook, with care not to damage the nearby esophagus. In addition, successful ablation was verified at the end of the experiment by dissecting the critical area under binocular guidance. Although the hepatoesophageal artery and the common hepatic branch could be identified in RYGB and sham-operated rats, there were no suspicious neural connections left between the esophagus and the area of the liver hilus in any of the RYGB + HV rats (note that there is no conclusive retrograde tracing verification test for the common hepatic branch as is the case for the other abdominal vagal branches).
Sham surgery consisted of the same procedure as for RYGB, except that the transected jejunum was reanastomosed, one small incision in the jejunum 25 cm from ileocecal valve and one in the gastric fundus were sutured closed, and the cutting stapler was laid over the stomach without firing. Thus, a similar amount of surgical trauma was inflicted, but the normal flow of nutrients was preserved in sham-operated rats.
Measurement of Body Weight and Body Composition
Body weight was monitored daily for the first 2 weeks and then was recorded weekly. Body composition was also measured before and 8 to 10 weeks after surgery by using a Minispec LF 90 NMR Analyzer (Bruker Corporation, The Woodlands, TX). This method uses whole body magnetic resonance relaxometry in unanesthetized rodents with excellent linearity and reproducibility. 42 FIGURE 1. Schematic diagram showing the site of common hepatic branch vagotomy. The diagram is a ventral view of the rat's abdomen and based on traced vagal branches and blood vessel supply. 37 The neurovascular bundle containing the hepatoesophageal artery (ahe) and the common hepatic branch were slightly lifted by means of a micro hook and cauterized with a high-temperature microcautery device near the gray arrow. The common hepatic branch further divides into fascicles running along the hepatic artery proper and portal vein to innervate the hepatic hilus region, and the gastroduodenal artery, innervating the proximal duodenum and the pancreas. ac indicates celiac artery; agdd, gastroduodenal artery; ags, left gastric artery; ahc, common hepatic artery; ahp; proper hepatic artery.
Measurement of Food Intake, Preference, and Meal Patterns
All procedures were identical to the ones reported previously, 40 and only a brief summary is provided here. After withholding food and water for the first 24 hours after surgery, all rats were given access to water and chocolate Ensure for days 2 to 10 and a choice of high-fat chow, regular fat chow, and Ensure for the next 2 weeks. For the remainder of the study, a choice between high-fat and regular fat chow was offered. Ensure intake was measured by weighing the drinking bottles, and intake of high-fat and regular fat pellets was measured by weighing them separately at the beginning and end of an observation period, taking spillage into account. Percent fat preference was calculated as calories from high-fat diet/calories from high-fat plus low-fat diets × 100.
To measure meal patterns in the period of 12 to 18 days after surgery, Ensure lick behavior was assessed over 3 consecutive days by means of a lick sensor (Vital View, Mini Mitter, Bend, OR). Initiation of a meal was defined as 3 licks or more with interlick intervals of less than 250 milliseconds, 43 and the end of a meal was defined by the start of a period of more than 5 minutes without licking. 44 Meal duration was calculated by subtracting the time of the first lick from the time of the last lick in a meal. Meal size was calculated on the basis of the number of licks in a meal and the average calculated lick size (total amount of Ensure consumed divided by the total number of licks over 24 hours). The satiety ratio (min/g) was calculated by dividing the intermeal intervals by the amount (g) of food consumed in the preceding meal.
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Measurement of Energy Expenditure
Ten weeks after surgery, animals were adapted for 3 days to the special chambers, and energy expenditure and respiratory exchange rate were measured during 3 consecutive days under ad libitum food access conditions (Comprehensive Lab Animal Monitoring System [CLAMS]; Columbus Instruments, Columbus, OH).
Measurement of Fecal Energy Loss
Feces were collected over a period of 3 days, weighed, and dried in a convection oven at 80 • C. Gross fecal energy content (kcal/g) was determined by bomb calorimetry in the Analytical Laboratory of Kansas State University (Manhattan, KS).
Statistical Analyses
Body weight, single-diet intake, and total caloric intake across days were analyzed by 2-way repeated measures analysis of variance (ANOVA), with treatment as a between-subject factor and days as a repeated within-subject factor, followed by Bonferroni's post hoc multiple comparison tests. Body composition, water intake, food preference, meal pattern parameters, fecal energy, energy expenditure, and respiratory exchange rate were analyzed by 1-way ANOVA followed by Bonferroni's post hoc multiple comparison tests.
RESULTS

Body Weight and Body Composition
The body weight curves for both RYGB and RYGB + HV rats showed a similar rapid decline over the first 10 days followed by a slower decline until about 60 days and a steady level thereafter ( Fig. 2A) . In contrast, sham-operated rats showed only a very transient dip in body weight and then continued to gain additional weight.
Body weight changes were well reflected in body fat mass and adiposity index, with both RYGB and RYGB + HV rats exhibiting significantly reduced adiposity, but sham-operated controls further increased adiposity 2 months after surgery, compared with preoperative values (Fig. 2B ). Percent lean mass was also not different between RYGB and RYGB + HV rats (Fig. 2C ).
Food and Water Intake
Intake of Ensure during the first 9 days and total intake (Ensure + high-fat + chow) during days 10 to 22 were significantly reduced in both RYGB and RYGB + HV rats compared with shamoperated rats after surgery (Fig. 3A, B ). Separate ANOVAs for the 2 periods revealed significant effects of treatment (F 2,57 = 19.78, P < 0.001 and F 2,57 = 7.67, P < 0.005, as well as day (F 3,57 = 43.73, P < 0.001 and F 3,57 = 4.59, P < 0.01) for Ensure and Ensure + high-fat + chow, respectively. Initially, the suppression was more than 50% but then moderated to about 15% to 20%, 3 weeks postsurgery. There was no significant interaction in either period of observation. Importantly, there was no significant difference in food intake between RYGB and RYGB + HV rats overall within either time period (t 19 = 0.26, and t 19 = 0.013, ns) and at any time point. Water intake measured 5 weeks postsurgery was similar for all 3 groups (Fig. 3C ).
Liquid Meal Patterns
As assessed 12 to 18 days after surgery, meal size was drastically reduced by about 60% to 70% in both RYGB and RYGB + HV rats compared with sham controls (Fig. 4A ). Rats in both groups attempted to compensate for the reduced meal size by eating more meals as indicated by increased meal frequency and reduced intermeal intervals (Fig. 4B, C) . Although the increase in meal frequency and reduction in intermeal interval in RYGB rats were about two-fold and significant, they were less pronounced in RYGB + HV rats and did not reach statistical significance (P = 0.20 and P = 0.15, respectively). The differences in meal frequency and intermeal interval between RYGB and RYGB + HV rats also did not reach statistical significance (P = 0.089 and P = 0.88, respectively). There were no differences in meal duration (Fig. 4D) , indicating that the eating rate (mL/min) in RYGB and RYGB + HV rats was slower than shamoperated rats.
The greater reduction of meal size compared with intermeal interval resulted in significantly greater satiety ratios in both RYGB and RYGB + HV rats than sham-operated rats (Fig. 4E) , and the lack of complete compensation for reduced meal size by increased meal frequency resulted in significantly reduced total intake of Ensure during the observation period (Fig. 4F) .
Importantly, for none of the meal pattern parameters were there any significant differences between RYGB and RYGB + HV rats.
Food Choice
Preference for high-fat versus low-fat pellets was tested 6 to 9 weeks after surgery. Although sham-operated rats highly preferred high fat over low fat, this preference was significantly lower in both RYGB and RYGB + HV rats, with similar reduction (Fig. 5) . In both surgical groups, intake of energy from high-fat pellets was significantly decreased and intake of energy from low-fat pellets was significantly increased. Total energy intake from both diets was significantly reduced by about 25% (F 2,16 = 13.47, P < 0.001). + HV rats compared with sham-operated rats, if expressed per lean body mass (Fig. 6A, B) . The mean energy expenditure across the 3 days was about 22% and 14% higher during the dark period and 17% and 14% during the light period for RYGB and RYGB + HV, respectively, but only the increase during the dark period was statistically significant (RYGB vs Sham: t [9] = 4.45, P < 0.05; RYGB + HV vs Sham: t [9] = 2.93, P = 0.05; Fig. 6C, D) . Importantly, there was no significant difference between RYGB and RYGB + HV (t 9 = 1.68, ns). No significant effect was found when energy expenditure was expressed per total body weight or per body weight to the 0.75 power.
Energy Expenditure and Respiratory Exchange Rate
Similarly, the respiratory exchange rate was increased throughout the light/dark cycle in both RYGB and RYGB + HV rats compared with sham-operated rats, indicating enhanced oxidation of carbohydrates (Fig. 6B) . The mean respiratory exchange rate across the 3 days was about 7.2% and 6.6% (both P < 0.05) higher during the dark period and 4.9% (P < 0.05) and 3.5% (P < 0.99, ns) during the light period for RYGB and RYGB + HV, respectively. Importantly, there was no difference between RYGB and RYGB + HV during the dark (t 9 = 0.45, ns) and light period (t 9 = 0.93, ns; Fig. 6E, F) . pancreas, hepatic portal vein, and liver is not necessary for the beneficial effects of RYGB on these parameters. Specifically, vagal afferent fibers innervating the glucose sensor in the hepatic portal vein 26, 32 are not important for RYGB-induced reduction of food intake and body weight, and it is unlikely that the rescue of duodenal bypass-induced hypophagia by hepatic portal vein application of capsaicin in mice, as reported earlier, 39 is due to elimination of increased activity of vagal afferent fibers signaling satiation to the brain.
The common hepatic vagal branch is predominantly sensory and supplies not only the liver but also a number of other abdominal targets. 37, 45, 46 It has been implicated in various sensory mechanisms such as the detection of nutrients and related factors in the duodenum, hepatic portal vein, and liver. [24] [25] [26] [27] [28] [29] [30] [31] [32] It also contains some efferent, vagal parasympathetic fibers involved in duodenal, pancreatic, and hepatic functions. 35, 36 The outcome of this study shows that none of these sensory and motor functions are crucial for the effectiveness of RYGB to lower body weight in obese rats. Although selective ablation of sensory fibers would have been the ideal approach, it is difficult to imagine that concomitant ablation of efferent fibers is responsible for the negative outcome in this experiment. This could have happened only if a food intake stimulatory effect of deafferentation would have been counteracted by an equally strong food intake suppressive effect of deefferentation, and there is no notion in the literature for such an effect.
The lack of a control group with only HV could also be considered as a limitation of this study, but it is similarly unlikely that inclusion of such a group would have changed the conclusions. The limited literature describing long-term effects of common hepatic vagotomy on food intake and body weight is controversial. Selective common hepatic vagotomy in Sprague-Dawley rats resulted in modest hyperphagia and an increased rate of body weight gain compared with sham-vagotomized rats when fed a sweet milk diet 47 or lard 48 , but had no significant effects in other studies 49, 50 and in our own unpublished study using a high-fat diet. Therefore, if anything, HV in the absence of RYGB leads to mild hyperphagia and increased body weight gain and does not support an appetite suppressive role when combined with RYGB.
The common hepatic branch of the vagus is also not important for the gradual shift in preference from high-fat to low-fat diet, increased energy expenditure, and increased fecal energy content after RYGB. It suggests that vagal afferents and efferents innervating the hepatic portal vein, bile ducts, and proximal duodenum (as well as the few innervating the liver proper) are not providing important information regarding these gradual changes after RYGB. In particular, the increased energy expenditure after RYGB does not depend on this innervation, thus ruling out potential contributions of vagal effects on hepatic functions. Energy expenditure was elevated in both experimental groups compared to sham-operated animals if expressed per lean body mass, with increases statistically significant only during the dark period. Variable effects of RYGB on energy expenditure have been reported, with some studies finding an increase (rat [51] [52] [53] ; human 54 ) and other studies finding no change or even a decrease (rat 53, 55 ; human. 56, 57 ). Some of these discrepancies are likely due to differences in type and time after surgery as well as correction for body mass. For example, one study found energy expenditure per rat to be decreased 2 weeks after surgery but unchanged 6 weeks after surgery, compared with sham-operated controls. Considering that by 6 weeks, the bypassed rats had significantly reduced body weight and fat mass, their relative energy expenditure was clearly higher. 53 Taken together, existing studies suggest that although there might be an initial decrease as a reaction to the rapid weight loss, energy expenditure over the long term after surgery is higher than expected from the adaptive lowering of energy expenditure found after substantial body weight loss induced by caloric restriction. 58 These results do not rule out participation of the celiac and remaining gastric vagal branches in the beneficial effects of RYGB. The celiac branches that innervate the distal duodenum, jejunum, ileum, cecum, and colon are in an ideal position to mediate chemical and mechanical changes induced by RYGB. Particularly the Roux limb, exposed to large quantities of undigested food, remains innervated by the vagal celiac branches. Among the sensory terminal structures produced by the celiac branches are the intraganglionic laminar endings, found abundantly in the myenteric plexus between the circular and longitudinal smooth muscle layers. 59 Similar structures in the stomach have been demonstrated to sense the degree of tension in the gastric wall, 60 and it is conceivable that increased tension and stretch of the Roux limb activates intraganglionic laminar endings and their vagal afferent fibers traveling in the celiac branches. Thus, vagal tension sensors in the Roux limb could be responsible for the reduced meal size observed in rats 40, 61 and humans. 62 The finding that the threshold for eliciting Roux limb distension-induced sensations were strongly and negatively correlated to the preferred meal size in gastric bypass patients at 6 and 12 months after surgery 62 is consistent with such a role for vagal afferents, although dorsal root/spinal pathways may also participate. 63 Chemosensitivity of intraganglionic laminar endings 22 may also contribute to their increased activity. In addition, mucosal terminals of afferent fibers in the celiac branches 64 are also in an excellent position to detect increased levels of gut hormones 65 and other substances. Finally, innervation of the gastric pouch by the gastric vagal branches remains intact after RYGB and the many stretch-sensitive intramuscular endings 66,67 may mediate signals of increased pouch distension. Future experiments with selective ablation of afferent fibers in these vagal branches will be necessary to determine their role in RYGB-induced hypophagia and weight loss.
In conclusion, vagal innervation of the portal hepatic space, proximal duodenum, and pancreas as provided by the common hepatic branch are not important for the beneficial effects of RYGB on food intake, energy expenditure, and body weight. Possible involvement in the beneficial effects of RYGB on glucose homeostasis remains to be determined, as is the role of the other abdominal vagal branches.
